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A 
F 
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g 
H 
a 
H 
c 
Q 
NOMENCLATUR:E; 
Definition 
, 
2 Cross-sectional area of flow, ft. 
Maximum Froude number in the flume, dimensionless 
Acceleration due to gravity, 3~. 2 ft. Isec. 2 
Depth of flow in a Parshall flume located twp-thirds 
of the length of the converging entrance section 
upstream from the throat cre~t, ft. 
Depth of flow in a Parshall fl-qme measured at a 
particular referenced point in the throat, ft. 
Depth of flow in a Pp'r shall flume mea~ured at the flume 
bottom on the right side at if distance of 6 inches 
upstream from the downstream sill, ft. 
Depth of flow in a Parshall flume measured at the ~aITle 
elevation as H but in the dqwnstream wing wall 3 inches 
c 
to the right of the flume wall, ft. 
Depth of flow upstream from the flume, ft. 
Depth of flow downstream from the flume. ft. 
Minimq,m depth of flow in the throat, ft. 
Actual dischCj.rge, cis. 
V Average velocity, fps. 
v 
, 
PURPOSE OF STUDY 
The primary objective in this study was to ascertain the validity 
of the method of analyzing submergence developed by Hyatt (1965) in 
a standard 2-foot Parshall flume. The method of analyzing submergence 
was first developed for a trapezoidal flume (Hyatt, 1965), was later 
verified for a rectangular flume (Skogerboe, Walker and Robinson, 1965), 
and has been shown by the authors to be valid for small Parshall flumes 
(Skogerboe, Hyatt, Jop-nson, and England, 1965). In view of previous 
findings, it was felt the method would also be valid for large Parshall 
flumes, and for this purpose the 2-foQt flume was selected. 
One other objective of the study was to analyze the possibility 
that another, or possibly better, point of downstream measurement 
might be found. To accompliflh this, two other pqints, designated c 
and d, were selected downstream. The downstream depth measurement 
is usually taken in the throiit at a refere,nced point ¢l.esignated b. 
The resulting equations anq calibration Furve ate listed in this 
report. 
EXPERIMEN TAL FACILI TIES 
A commercial fabricated steel 2-foot Par~hal1 flume was u~e~. 
The actual throat width was mea,sured to be 1. 9~5 feet inste~d of the 
designated 2-foot dimension. All computatiQn~ were based on a throat 
width of 1. 975 feet, but the flume elsewhere in this report is refe:l7l1ed to 
as a 2-foot flume for ease of description. 
The 2-foot Parshall flum,e was placed in the _5 -foot d.eep by 
5 -foot wide flume located in the Fluid Mechanics Laboratory at Ut~h 
State University {Figures I and 2}. 
Three pumps were used which were c;:apable of deliver~ng a 
maximum flow rate of approximately eight cubic feet Rer second (ds). 
The flow rate was regulated by varying the number of pumps on th.e line 
and by means of a valve located on the line as it entered the laboratory. 
The flow passed through the flume and disc;:h~rg~d into weighing 
tanks, where the water was w~ighed over a giv~n time period to obtain 
the flow rate. The water was then discharged from the weighing tanke;; 
into the sump, where it was recirculated, 
Depth measurements were made by the use of a point gage in 
stilling wells. The wells are designated as a, b, c, and d- -traveling 
downstream- -and are shown in Figure l. 
A tailgate was placed downstream from the ~arshall flume {Figure 
2} to regulate tailwater depth and thereby controi and vary the degrees 
of submergence fqr ea,.ch flow rate, 
2 
Figure 2 
Submerged flow in a 
two-foot Pa~ shall 
measuring flume. 
3 
Figure 1 
Two-foot fabricated 
steel Parshall 
ITleasuring fluITle 
with wells a, b, 
c, and d. 
SUBMERGED Ft.-OW ANALYSIS 
Submerged flow ~s said to exist in any Venturi flume if the flow 
in the flume fails to pass through ~ritical depth. When submerged flow 
conditions exist, the stage -discharge relahonship develQped for free 
flow conditions is no longer valid and another method for analyzing the 
flow must be used. One method pf analyzing the submer~ed flow problem 
is that developed at Utah State University. The parameters involved in 
utiliz ing this method were developed for trapezoidal measuring flumes 
and were later verified for rectangular measuring flumes and $mall 
Parshall flumes. 
The parameters descr ibing submerged qow are sqbmergence , 
h4 /h l , where h4 is. the flow depth downstream from the flume and hI 
the flow depth upstream from the flume; the max~um Froude ~umber 
occurring in the flume, F ; and a energy loss parameter relating 
max 
conditions at three important cross sec::tioqs aa defined by (h~ -h4 )/hm , 
where h is the minimum flow depth occurring in the throat. 
m 
The parameters involved in submerged flow can be obtained from 
dimensional analysis as follows: 
With five independent quantitie;; and two dimensiqns, three pi-teums 
are derived. 
V 
1T 1 = vg h :a-
m 
1 
2 
4 
h4 
TT 2 = ~ 
hI -h4 
TT 3 = h 
m 
Equation 2 can be modified by replac ing V with Q/ A SO that 
TTL = F max 
A typical relationship between the three pi-terms F ,h4 /h l , and max 
(h -h )/h is illustrated in Figure 3 (Hyatt, 1965). Th,e energy loss 
14m 
3 
4 
. 5 
parameter was plotted On the log scale as the ol1dinate. Plotted on the 
abscissa are submergence on a cartesian scale and maximum Frouc;ie 
number on a log scale. The two resulting equations, relating these pt-
terms are; 
h -h 
I 4 
h 
m 
and 
= 
= 0,300 F 2 . 38 
max 
0.99 
0.34 (h l -h4 )/h 
10 m 
When three -dimens ional log -l~g plots relating h ,F ,and Q are 
m max, 
prepared, it is possible to relate minimum depth and the maximum 
Froude number to the discharge, resulting in the equation, 
Q :;: 34.7 F h 1. 74 
max m 
. 6 
. 7 
. 8 
5 
By combining Equations 6, 7, and 8, the relationship describing submerged 
flow for a particular trapezoidal flume is obta ined. 
.2 
h,-h4 
hm 
.4 
.20 
h,-h4 
h;;;-
.! 
..!:!.1. = 0.99 
hi IOO.34(h,-h4 ) Ih m 
.02 
.01 
Fm h4/h, 
Figure 3 Relationship between pi-terms 
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• 
Q = 
(lOg ~ + 0.0044] 1. 32 
The equation developed by Skogerboe, Walker, and Robinson (1965) 
for a particular rectangular flume was 
Q = 
-46.6 (h -h )1. 53 
1 4 
(IOg~ + 0.0044] 1. 02 
The equations developed for small Parshall flumes are of the form 
Q = 
-c (H -H )1. 55 
a b 
H 
log Hb + 0.0044 
a 
. 9 
10 
! 
where C values of 0.295, 0.614, and 0.953 were obtained for the 1-, 2-, 
and 3- inch Pars~all flumes respectively. Alth-ough these equations 
(Equations 9, 10, and 11) are applicable only for the particular flumes 
studied, they do show that only the upst;ream and downstream depths need 
7 
to be measured to determine the discharge under submerged flow conditions. 
The approach to submergence as;; described above was applied to the 
2-foot Parshall flume located in tq.e laboratory. The downstream depth 
was meas~.lred at three locations, Hb (usual pOint of downstream measure-
rnent in a Parshall flume), Hc' and Hdo Point c is located at the flume 
bottom On the right side a distance of 6 inches upstream from the down-
stream sill. Point d, located at the same elevation as point c, was 
placed in the downstream wing wall 3 inches to the right of the flume wall . 
• 
EXPERIMENT AL FINDINGS 
From the data taken in the laboratory at Utah State University, 
the method of analyzing submergence previously described in this report 
was found to be valid for the 2 -foot Parshall flume not only at pOint b, 
but at points c and d as well. The discharge equation for point b is 
-5.88 (Ha -Hb) 1. 55 
Q ::: (lOg :: + 0.0044) 1. 14 
For point c, the equation becomes 
Q = 
-5.22 (H -H )1. 55 
<;L c 
( 
H 1. 21 log H: + 0.0044) 
The equation for point d is 
Q ::: 
-4.83 (H -H )1.55 
a c 
( H ) l. 25 log H: + 0.OQ44 
Figure 4 shows the submerged calibration curve for the 2 -foot 
Parshall flume as developed from the data taken at point b. Similar 
12 
. 13 
14 
calibit'ation curves cOQ.1d be developed for pOints c and d but were not done 
so in this study. The data collected at points b, c, and d proved to be of 
comparable accuracy. The water level in the b stilling well flucuated 
more than the water levels in stilling wells c and d, but the accuracy 
8 
obtained from the submergence plots was essentially equal. Conseque.ntly, 
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Figure 4 8'ubmerged calibration curves for two-foot Parshall flume:;;. 
9 
10 
it was felt by the authors that there was nO particular advantage in changing 
the point of downstream depth measurement to points c or d because 
of the COmmOn usage of pOint b ip evaluating submergance in Parshall 
flumes. 
.. 
TRANSITION FROM FREE TO SUBMERGED FLOW 
The form of the equations for both free and submerged flow provide 
a unique solution for the submergence, H Iff. , at which th~ transition 
b a 
11 
from free to submerged flow occurs. To illustrate, th~ free and submerged 
flow equations for the Z - foot P~rshall flume can be set equal to one 
another to obtain the transition point. The usual free flow equation for 
a 2-foot Parshall flume is Q = 8.0 H 1.55, but in this study with the flume 
a 
used having a throat width of 1.975 feet, the free flow equation is 
Q = 7.90 H 1. 55 , 
a 
Hence, when Equations 12 and 15 are equated 
7.90 H 1. 55 = 
a 
( H )1. 14 ( log H: + ~. 0044 = Q.745 1 ::) 
The solution, obtained by trial and error, is 
= 0.66 
1. 55 
15 
Thus, free flow will exist in a 2-foot Parshall flume when the submer-
gence is less than 66 percent and for submergences greater than 66 
percent the flow becomes submerg-ed. The· solution of the ;free and sub". 
merged flow equations for poi.nts c and q in the 2-foot Parshall flume 
studied results in a critical submergence of 74.5 percent for p¢>i.nt c and 
74 percent fol' pOint d. 
• 
• 
GONGL USIONS 
The Parshall flume is 'a reliable method of water measurement 
giving fairly accurate results. Such a flume is capable of operating 
under both free and submerged flow. The transition submergence 
(Hb /Ha) from free to sul;>merged flow is generally accepted at about 70 
percent (Parshall, 1941). Utilizing the method of submerged flow analysis 
developed by Hyatt (1965), which was found to be valid for the 2-foot 
Parshall flume, the transition point was found to be 66 percent for the 
2 - foot flume. Transition point~ were found to be 74. 5 percent and 
74.0 percent at points c and d, respectively. Using this method of 
submerged flow analysis, submerged flow calibration curves can be 
developed for points b, c, and d, but were developed for only point b 
because (1) b is the generally accepted point of downstream depth 
measurement, and (2) points c and d did not improve the accuracy of 
the submerged flow plots . 
12 
.. 
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Table 1. Basic measurements 
I I , 
Run Q Ha lib Hc Hd No. 
.2 ii, 
1 1. 215 0.410 0.388 0.392 0.395 
2 1. 196 0.379 0.349 0.357 0.378 
3 1. 196 0.342 O.Z9<) 0.311 0.308 
4 1. 196 0.329 0~216 0.286 0.284 
5 1. 196 0.~19 0.2~3 0.263 0.263 
6 1. 196 0.313 0 .. 230 0.251 Q.25Z 
7 1. 196 0.311 0.26(> 0.245 0.245 
8 1. 750 0.503 0.473 0.496 0.483 
9 1.750 0.429 O.3~5 0.39~ 0.393 
10 1. 750 0.393 0.310 0.3~7 0.334 
11 1. 750 0.382 0 .. 29l 0.3U O.~10 
I 
12 1. 750 0.442 0~401 0.414 0.412 
13 1. 750 0.3~1 0.290 0.308 0.~05 
14 1. 750 0.381 0.?73 0.~99 0.299 
15 3.920 0.861 ~.813 0.841 0.840 
16 3.920 0.778 0.718 0.748 0.745 
17 3.9,20 0.743 O .. (l7q 0.71;)8 0.712 
.. 18 3.920 0,706 0,615 0.661 O.~53 
19 3.920 0.686 0.579 0.628 0.619 
20 3.920 0.664 0,528' 0.586 0.579 
21 3.920 0.652 0.543 0.569 0.565 
22 3.920 0.644 o. SOl' O,~~3 0.532 
23 3.920 0.642 O.4~4 P.52~ 0.518 
24 3.920 0.642 0 .. 467 0.' 506 0 .. 504 
25 2.970 0.721 0.. 686 0.702 0.699 
26 2.970 0.63l 0 .. 580 0 .. 601 0.596 
27 2.970 0.'55~ 0.443 Q.486 0.'479 
28 2.970 0.539 9, ,393 0.430 O~431 
29 7.400 1. 203 1.131 1. 178 1 .. 173 
30 6.410 1.245 1 .. 197 1.;220 1.217 
31 6.410 1.121 1.03a 1.086 1.080 
32 6.860 1. 092 Q.992 1.051 ' L Q57 
33 6.860 1. 065 0.9(>1 J. O~7 1.024 
... 
34 6.860 1. 035 0~910 0,982 0,972 
35 6~860 1. 003 0.853 0.934 0.925 
16 
." Table l. Continued 
Run Q H Hb H Hd No. a c 
36 6.860 0.977 0.805 0.893 0,881 
37 6.860 0.945 0.810 0.845 0.842 
38 6.860 0.932 0.742 0.782 0.781 
39 6.860 0.924 0-.. 688 0.729 0.729 
40 4.490 0.856 0.788 0.827 0.824 
41 4.450 0.800 0.712 0.761 0.756 
42 4.290 0.763 0.657 0,707 0.697 
43 4.430 0.724 0.580 0.639 0,636 
44 4.390 0.700 0.552 0.588 0.588 
45 4.390 0.700 0.505 0.546 0.547 
46 5.650 0.823 0,,582 0.620 0.627 
47 5.650 0.840 0.701 0.739 0.724 
48 5.650 0.828 0.621 0.662 0.662 
49 2.700 0.720 0.690 0.704 0.704 
50 2!700 0.683 O~638 0.666 0.664 
51 2.700 0.665 0.628 0.642 0,641 
52 2.700 0.616 0,,572 0.587 0,586 
.. 53 2.700 0,573 0.512 0.539 0.534 
54 2.700 0.551 0,472 0.505 0.501 
55 2.700 0.533 0.434 0.475 0.479 
56 2.700 0.530 0.473 0.463 0.457 
57 2.700 0.522 0.411 0.451 0,449 
58 2.700 0.514 0.396 0.428 0.426 
59 2.700 0.512 0.367 0.411 0.407 
60 5.300 1. 118 1 .. 066 1. 093 1.0.95 
61 5.300. L 027 0.956 0.997 0.992 
62 5.300 0.914 0 .. 807 0.871 0.870 
63 5p 300 0.869 0.737 0.810 0.797 
64 5.300 0.827 0.662 0.737 0.726 
65 1. 330 0.457 0.438 0.443 0.445 
66 L 330 0.359 0.314 0.326 0.323 
67 1. 330 0.383 0.350 0.360 0.358 
68 1. 330 0.371 0.334 0.344 0.342 
69 1. 330 0.352 
... 
0.301 0.314 0.312 
70 1,350 0.346 0.284 0.298 0.296 
17 
• 
Tab1~ 1. Continued 
Run Q H Hb H Hd No. a c 
71 1. 350 0,341 0.274 0.293 0.290 
72 1. 350 0.340 0.269 0.287 0,284 
73 1. 350 0.338 0.260 0.280 0,278 
74 1. 350 0.337 0.249 0.275 0,,273 
75 1.350 0,335 0,242 0,,268 0.,266 
76 1.340 0.332 0.235 0.255 0,256 
18 
TCilrQle Z. Computation of parameters 
',' i:' i ,'i 
~un Q Hb/Ha H /'H Hd/Ha H -H H -H H -H No. c a a' b a c a d 
1 1. Z 1'5 0.946 0.956 0.963 0.022 0.018 0.015 
a l.196 0.9~0 0.942 0.997 0.030 0.022 0.001 
3 1.196 0.874 0.909 0.901 0.043 0 .. 031 0.034 
4 1.196 0.838 0.869 0.863 0.053 0.043 0.045 
S 1. 196 0.793 0.824 0.824 0.066 0.056 0.056 
6 1. 196 o. 735 0.802 0.805 0.083 0.062 0.061 
7 1.196 0.727 0.788 0.788 0.085 0.066 0.066 
8 1.756 0.940 0.986 0.960 0.030 0.007 0.020 
9 1.756 0.900;: 0.937 0 .. 932 0.041 0.028 0.030 
10 1.7?6 0.897 0.928 0.916 0.044 0.031 0.036 
11 1.756 0.789 0.857 0.850 0.OB3 0.056 0.059 
1~ 1. 756 0,762 0.814 0.812 0.091 0.071 0.072 
13 1.756 0.761 0.808 0.801 O. O~l 0.073 0.076 
14 1.75p 0.717 0.785 0.785 0.10B 0.OB2 0.082 
15 3.945 O. '944 Q.977 0.976 0.048 0.020 0.021 
16 3.945 0.923 0.961 0.958 0.060 0.030 0.033 
17; 3.945 0.902 Q.953 0.958 0.073 0.035 0.031 
18 3.945 0.871 0.936 0.925 0.091 0.045 0.053 
19 3.~45 0.844: 0.915 0.902 0~107 0.058 0.067 
~o 3.945 0.795 0.883 0 .. 872 0.136 0.078 O. 08~i 
~1 3.945 0.833 0.873 0.866 0.109 0,083 .O~ 087 
22 3.929 0.778 0.828 0.826 0.143 O. 111 0.112 
23 3.9'29 0.754 0.813 0.807 O.l-5S 0.120 0.124 
24 3.929 Q.721 0.788 0.785 0.175 0.136 0.138 
?5 2.968 0.951 0,974 0.969 0.037 0.019 0.022 
26 ~.968 0.9~9 0.952 0.944 0.050 0.030 0.035 
~7 2.~68 0.801 0.879 0.866 0.110 0.067 0.054 
28 ~. 968 o. Tl.9 0.798 0,800 0.146 0.109 o. 108 
~9 7. 396 0.940 0.979 0.975 0.072 0.025 0.030 
30 6.410 1).961 0.980 0.978 0.043 0.025 0.028 
31 6.410 0.921 o~ 969 0~963 0.089 0,035 0.041 
3,2 6.868 0.906 0.962 0.968 0.100 0.041 0.035 
33 6.868 0·902 0.964 0.962 o. 104 . 0.038 0.041 
34 6. a'68, 0.879 0.949 0.939 0.125 0.053 O.O6~ 
35 6.868 0.850 0.931 0.922. 0.150 0.069 0.028 
,. 
19 
,1 Table 2 .. Co~tinued 
Run Q f\/Ha H IH Hd/Ha H ..,H H ··H H -H 
No, c a a b a c a d 
36 6,868 0.824 0.914 0.902 O. 172 0.084 0,096 
37 6.868 0.857 0,894 0.891 O. 135 0.100 0,.103 
38 6.868 0,796 0.,839 0.838 o. 190 O. 150 O. 151 
:}9 6.868 0.744 0,789 0 .. 789 0,236 O. 195 O. 195 
40 4.493 0.920 0.966 0.963 0.068 0.029 0.032 
41 4.452 0.890 0.951 0.945 0,088 0.039 0,044 
42 4,293 0.861 0,927 0,913 0,106 0.056 0.066 
4;3 4,431 0.801 0.883 0.878 O. 144 0.,085 0.088 
44 4.390 0,,789 0.840 0.840 0.148 0., 112 0, 112 
45 4.390 O. 721 0,780 0 .. 781 0.195 0.154 O. 153 
46 5.656 0.707 0.753 0.762 0,241 0.,203 o. 196 
47 5.656 0.834 0,880 0.862 0.139 O. 101 0.116 
48 5.656 0.750 0,800 0.800 0.207 0.166 o. 166 
49 ~.710 0.958 0,978 0.,978 0.030 0,016 0.016 
50 2.710 0.939 0,975 0.973 0.045 0.017 0.019 
5L 2.1.l(L ___ O. 9AJ---- O. 965...- 0,964 0.037 0.023 0.024 
52 2.710 P.929 0.954 00952 0,044 0.029 0.030 
53 2.710 0.893 0.941 0,932 0,061 0.034 0.039 
54 ~.710 0.857 0.916 0,909 0,081 0,.048 0.052 
55 2.710 0.815 0.893 0.898 0.099 0.058 0.054 
56 2.710 0.798 0 .. 874 0.881 0, 107 0.067 0.073 
57 2.710 0.788 0.865 0.862 O. III 0.071 0.073 
58 2.710 0.770 0.833 0.829 O. 118 0,086 0.088 
59 2.710 Q.710 0.803 0,795 O. 145 O. 101 0, 105 
6'0 5.300 0.954 0,978 0.979 0.,052 0.025 0.023 
61 5.300 0.933 0.971 0~967 0,,071 0,030 0.035 
62 5,.30Q 0.883 0,955 0 .. 953 O. 107 0,043 0,044 
63 5.300 0.848 0.932 00.916 0.132 0,059 0.070 
64 5.300 0.800 0.891 0.878 00165 0.090 O. 101 
65 1.330 0.958 0,969 O~974 0_,019 0.014 0.012 
66 1.330 0.875 0.908 0.900 0,,045 0.033 00036 
67 L 330 0.911 0.938 0,933 0.033 0.023 0.025 
68 1.330 0.900 0.927 0.922 00037 0.027 0.029 
crl! 1)9 1.330 0.855 0,893 0.,887 0,.051 0,038 0.040 , 
7Q 1. 350 0,821 0.862 0.856 0.062 0.048 00050 
.. 
& 20 
, Table 2. Continued 
.(1 
Run Q Hb/Ha H /H Hd/Ha H -H H -H H -H No. c a a b a c a d 
j' 
71 1. 350 0.802 0.859 0 .. 851 0.068 0.048 0.051 
72, 1. 350 0.792 0.844 0.835 0.071 0.053 0.056 
73 1.350 0.767 0.827 0.821 0.078 0.058 0.060 
74 1.350 0.739 0.816 0.811 0.088 0.062 0.064 
75 1.350 0.722 0.800 0.794 0.093 0.067 0.069 
76 1.340 0.707 0.769 0,772 0.097 0.077 0.076 
f 
to 
